The uniaxial compression and acoustic emission (AE) monitoring of siltstone specimens in the Gongchangling open-pit iron mine in Liaoning Province was conducted by evaluating the effects of three water saturation levels: dry, natural, and water-saturated. The siltstone AE characteristics were analyzed according to water content; the relationship between the AE characteristics and the growth and expansion of siltstone cracks was subsequently discussed. Research results indicated the following: siltstone specimens had distinctly different mechanical properties and AE characteristics according to water content; as the water content increased the compressive strength and elasticity modulus of specimens decreased. In the compacting phase of specimens under compression, the AE count rate of the water-saturated specimen was relatively small and the events were relatively stable. In the linear-elastic deformation phase, the AE count rate of the dry specimen increased sharply, reaching approximately 400 times/s. In the plastic yield deformation phase, the peak value of the AE count rate of the dry specimen ranged between 955 and 1,068 times/s, whereas that of the water-saturated specimen only attained a range of 635 to 782 times/s. In the failure phase, the time to reach the peak stress value of the dry specimen was increased as compared to that of the AE count rate.
Introduction
Under the effects of an external load, microfissures and other deformations within rocks gradually expand, thus bringing about macrodeformation. During this process, acoustic emission (AE) occurs. These transmitted signals are released in the form of acoustic waves and are able to reflect the mechanical properties of rocks. The growth and expansion status of internal cracks can be studied by acquiring and analyzing the acoustic waves transmitted during rock deformation. In the 1930s, Obert and Duvall observed that the AE phenomenon accompanied rock failure under compression, subsequently applying this finding to monitor and forecast rock explosion [1] [2] [3] . Many foreign and domestic scholars have studied rock deformation [4] [5] [6] , the damage and stress memory effects of sandstone [7] , the crack expansion rule during the rock failure process [8] [9] [10] , the fracture instability mechanism and outburst proneness of coal and rock mass [11] [12] [13] [14] , the mechanical properties of lamprophyre upon encountering water [15] , and the mechanical properties of various other rocks via the AE technique.
In engineering practice, a variation in rock water content will bring about profound differences in the mechanical properties of rocks, with studies showing that water-rock interaction is an important factor in these differences [16] [17] [18] . Some scholars studied and analyzed the causes of the softening phenomenon of soft rocks upon encountering water [19] [20] [21] [22] . Heggheim et al. [23] studied the mechanism of the saline solution-softening limestone. Yang et al. [24] analyzed the causes of changes in mechanical properties of slate by comparing its microstructures before and after encountering water. Voznesenskii et al. [25] studied the acoustic mechanism of salt rock during the dissolution process upon encountering water.
In slope engineering, particularly in the fields of water conservancy, transportation, and mining, siltstone is commonly used for research where its strength and stability under load are discussed. Studying the influence of water content on siltstone failure and its strength characteristics under compression by combining the AE technique is of important theoretical significance and engineering application value. To study the instability mechanism of rock masses, the following 2 Advances in Materials Science and Engineering were performed: (1) a uniaxial compression test of siltstone specimens exposed to three differing water contents: dry, natural, and water-saturated conditions; (2) a collection and characteristics analysis of AE signals during specimen compression; and (3) an investigation into the respective relationships between AE characteristics and cracking and the expansion and coalescence process of in situ microcracks of siltstone according to water content.
Materials and Methods

Specimen Acquisition and
Processing. Rock specimens were taken from the Gongchangling open-pit iron mine in Liaoning Province. To prevent water evaporation and weathering caused by prolonged exposure, specimens were wrapped with multilayer preservative films. The large rocks taken from the site were processed into several standard cubic rock blocks of 50 mm length, 50 mm width, and 100 mm height, in accordance with the requirements of the Rock Experimental Regulations in Water Resources and Hydropower Engineering.
Experimental Equipment and Methods.
The TAW-3000 servo press was used to conduct uniaxial compression testing. The data acquisition system consisted of a displacement sensor, a stress sensor, and a strain gauge to measure rock deformation. The loading mode was the displacement control, and the loading rate was 0.2 mm/min. The PCI-2 AE monitoring system was used for AE acquisition; this system could realize real-time data acquisition and analysis functions under the Windows environment. The standard specimens were separated into three groups after processing. The first group included specimens that were sufficiently dried, the second group included specimens that were in their natural state, and the third group included water-saturated specimens. The specimens in the first and second groups were placed in a GZX-9070MBE drying oven to maintain constant-temperature drying for 100 h at 105 ∘ C. For Group 3, a free soaking method was used to saturate the specimens. Three compact rock blocks with uniform textures were taken from each group. The rock block parameters are shown in Table 1 . The specimens and experimental equipment are shown in Figures 1(a) , 1(b), and 1(c).
Results and Discussion
Strength and Deformation
Characteristics. The stressstrain curves of the rock specimens throughout the failure process were obtained according to water content via use of the TAW-3000 servo press (Figures 2(a), 2(b), and 2(c)), which yielded the respective overall stress-strain process curves of the rocks in the dry, natural, and water-saturated states. The morphologies and peak values of the curves varied according to water content, which indicated that the differences in water content yielded different levels influence on the mechanical properties of siltstone. Figure 2 demonstrates that the resultant stress-strain curves of the uniaxial compression of siltstone were categorized into the following four phases:
(1) Compacting phase of in situ cracks: natural microcracks or microjoints existed in the siltstone blocks, and as the axial compression increased, these opened structural surfaces gradually closed, and with the rock tending to be compact, the growing rate of stress slowed and the curves exhibited an upward concave profile. As the water content increased, the upward concave curvature became increasingly less apparent, which indicated that, upon adding an equivalent axial stress, the strain increased as water content increased, thereby implying that the water content influenced the growth of the initial internal siltstone cracks, with higher water content yielding increasingly rapid in situ crack growth.
(2) Linear-elastic deformation phase: in this phase, the stress-strain curve presented a linear ascending status, the microcracks or microjoints inside the rock were compacted, and the rock deformation changed into a linear-elastic deformation that conformed to Hooke's law. As the water content increased, the curve slope gradually decreased, which indicated that the elasticity modulus of the rock block decreased as the water content increased.
(3) Plastic yield deformation phase: in this phase, the curve exhibited an ascending tendency in the upward concave profile; that is, the curve ascended with gradual decreases in the slope until the peak value was reached. This demonstrated that as the axial stress increased, stress concentration areas appeared at the endpoints of the microcracks or microjoints. These stress concentration areas accelerated the development of microcracks, which continuously expanded until achieving surface penetration as macrocracks, thus resulting in the failure of the specimens. The long duration of this phase implied that water content altered the mechanical properties of siltstone to yield gradual softening of the rocks and plastic deformation characteristics.
(4) Fracture phase: in this phase, the curve exhibited a sharp descent after reaching the peak value, which indicated that the rock specimen fractured along the internal macrocracks and that the rock lost its bearing capacity. As the water content increased, the peak value of the curve decreased, which indicated that the water affected the strength of the siltstone and reduced the peak value stress of the rock.
Through testing and calculations, the deformation indices and mechanical parameters of the siltstone specimens according to water content were obtained as shown in Table 2 . Table 2 shows that as the water content increased, the compressive strength and elasticity modulus of the specimens decreased. The compressive strength of specimens in the natural state decreased by 47.83% as compared to the compressive strength of the specimens in the dry state; additionally, the elasticity modulus decreased by 45.74%. compressive strength of the specimens in the natural state; additionally, the elasticity modulus decreased by 39.7%. As the water content increased, the average failure time of the specimens lengthened, which indicated that the existence of water altered the mechanical properties of the siltstone, yielding an acutely distinct softening effect of water on the siltstone. The softening effect of water content on siltstone was further analyzed and relevant data in Table 2 were fitted. The respective relationship curves between the compressive strength and water content and the elasticity modulus and water content were obtained as shown in Figures 3(a) and 3(b). Figure 3 illustrates that the peak value stress and elasticity modulus of the siltstone specimen possessed exponential functional relationships with the water content and that all correlation coefficients were above 0.9. These results are similar to the results obtained in previous studies [26] [27] [28] .
Specimen Failure Modes.
During the experimental process, an HD camera was used to capture the entire rock specimen fracture process; the failure modes of the specimens according to water content are shown in Figures 4(a) , 4(b), and 4(c). Figure 4 shows that, in the dry, natural, and watersaturated states, the failure modes of the specimens were nearly identical; that is, they all exhibited signs of X-type conjugated shear failure. However, although they exhibited signs of the same type of failure, the failure modes among the three different specimens were not completely identical. Before the crack coalescence in the dry specimen, many small cracks appeared with associated failure of cleaving and shear cracks, demonstrating a mixed failure of shear and tension (Figure 4(a) ). The specimens in the natural state exhibited a relatively slow main crack coalescence, which is typical of X-type shear failure, and a mixed failure of tension and shear (Figure 4(b) ). The X-type failure of the water-saturated specimen was not easily distinguishable, and the paralleling of joints to the vertical axis occurred in some specimens before failure, which was attributed more to tension failure during the fracture process (Figure 4(c) ).
The physical phenomena of rock block fractures also yielded significant variation according to water content. The fractures in the dry rock specimens were accompanied by relatively large fracture acoustics, a large quantity of chips surrounding the main cracks, and two collapsed ends, which indicated that energy was instantly released and the specimens underwent brittle failure. The main crack coalescence in the natural specimens was relatively slow, with some chips immediately adjacent to the area of fracture undergoing a collapse that was not violent. The fracture acoustics in the water-saturated specimens were low, with only a marginal amount of chips collapsing around the main crack, which indicated that the energy was nearly uniformly released throughout the period of saturation leading up to failure; the specimen failure exhibited a plastic failure tendency.
To summarize the above analyses, the main crack coalescence of the rock specimens slowed as the water content increased. Moreover, the severity of specimen failure tended to be reduced, which indicated that the water exerted a softening effect on the siltstone, thereby causing the failure of the specimen to change from brittle to plastic failure.
Characteristics of the AE Count
Rate. Uniaxial compression testing was conducted on siltstone specimens, while the PCI-2 AE testing system was used to acquire AE signals during rock block fractures. After the acquired data were processed, the following relationship curves were obtained according to water content: (1) stress and strain, (2) AE count rate and strain, and (3) total AE count and strain of specimens; this is demonstrated using the G-1, Z-2, and B-3 specimens as examples, as shown in Figures 5(a) , 5(b), 5(c) and 6(a), 6(b), 6(c). Figures 5 and 6 show that AE signals were generated from within the siltstone specimens throughout the entire uniaxial compression process until failure occurred, that the stress-strain relationship curves between the change in AE count rate and specimens were consistent, and that the maximum value of AE count rate was near the peak stress value. The total AE count curves had the same tendency and approximate shape as the stress-strain curves, which indicated that the AE count rate could characterize the compressive failure process of rocks; this finding is similar to that found in previous studies [25, [29] [30] [31] [32] .
The AE count rate also yielded the following variations according to water content: (1) In the compacting phase of in situ cracks, the existence of natural cracks in the rock when compressed generated AE signals. However, the AE count rates in the water-saturated specimens were low, with the primary reason being that water filled the natural cracks, thereby decreasing the rock void ratio and lessening the failure severity of rock specimens.
(2) In the linear-elastic deformation phase, the rock exhibited elastic deformation, internal cracks exhibited only marginal expansion, the AE count rates were relatively stable, the AE count rates of specimens in the dry state exhibited sudden increases, with numbers reaching approximately 400 times/s before stabilizing, and the AE count rates of specimens containing water were less than those of the dry specimens.
(3) In the plastic yield deformation phase, the AE count rates increased rapidly at a rate of 3-6 times that of the linear-elastic phase, which indicated that the internal microcracks of rocks rapidly expanded. The AE count rates of the dry specimens were significantly higher than those of the water-containing specimens. The peak value of the AE count rates of dry specimens ranged between 955 and 1,068 times/s, while the range of peak value was only 685 to 802 times/s in watersaturated specimens.
(4) In the failure phase, specimens began fracturing or collapsing, inflection points appeared in the stress-strain curve, the AE count rates exhibited sharp phase steps, and as the water content increased, the peak values of the respective AE count rates decreased. The time to reach the peak stress value of water-saturated specimens was increased as compared to that of AE count rate, as shown in the " " zone in Figure 5 (c). This lagging phenomenon could be a definitive indicator and forecasting characteristic of rock mass fracturing and instability in engineered water-containing structures, such as a mine slope and dam body. 
AE Energy Features.
The important parameters that characterize rock AE characteristics also include the AE absolute energy rate and cumulative AE energy. AE energy is a time integral of the squared AE voltage over the output resistance of the equipment, and it is proportional to the squared AE amplitude. The cumulative AE energy parameter was selected in this paper to characterize the internal energyreleasing process of siltstones under dry, natural, and watersaturated conditions when fractured under uniaxial compression. Figures 7(a), 7(b) , and 7(c) demonstrate the variation curves of the cumulative AE energy according to the respective strains of the G-1, Z-2, and B-3 specimens while under uniaxial compression. Figure 7 shows that the curve could characterize the energy release evolution rule observed during the fracture process of specimens. The cumulative AE absolute energy value significantly decreased as the water content increased. The cumulative AE absolute energy of the dry specimens was 1.12 times that of the natural specimens and 3.11 times that of the water-saturated specimens, which indicated that water yielded an effect on the energy release during the specimen fracture process. For the natural and water-saturated specimens, as water filled the internal microcracks of rocks, the energy released when cracks expanded was relatively low.
Comparative Analysis.
To further investigate the effects of water content on AE count rate, the total AE count curve and cumulative AE energy curve of rocks under dry, natural, and water-saturated conditions were created. The horizontal axis represents the normalized relative time; the relationship curves are shown in Figures 8(a) and 8(b) . Figure 8 illustrates the significant effects of water content on the total AE count and cumulative AE energy.
(1) The increase in water content decreased the AE cumulative events. The AE levels of the dry specimens were relatively high and there was a large amount of released energy and relatively high total AE count and cumulative AE energy.
(2) The total AE count curves and cumulative AE energy curves of the dry and natural specimens demonstrated a clear tendency of abrupt increase until the specimen exhibited complete fracture, which indicated that the rock fracture type was a brittle failure, that is, a "burst-type fracture." The abrupt increase appeared once in the curves of each of the watersaturated specimens, but each time a subsequent slow ascent until the specimens fractured was observed; this indicated that the rock fracture was a plastic failure, that is, a "steady-type fracture." As the water content of specimens increased, the point of time for the total AE count curves lagged gradually (Figure 8(a) ).
(3) As compared to the water-containing specimens, the AE count rate of dry specimens exhibited significantly stronger fluctuations. The cumulative AE event count of the dry specimens was 1.15 times that of the natural specimens and 2.13 times that of the water-saturated specimens. The cumulative AE energy of the dry and natural specimens was higher than that of the watersaturated specimens by one order of magnitude.
Microanalysis of Internal Structure.
To understand the effects of water content on the mechanical properties of siltstone on a microscopic level, rock SEM (Scanning Electron Microscope) was used to scan the siltstone specimens in the respective dry, natural, and water-saturated states; images of the respective microstructures were subsequently obtained. These images are shown in Figure 9 for each of the three water contents after amplification (1,000 times). A comparison of the SEM images of siltstones between each of the three states shown in Figure 9 indicates that the water yielded effects on the respective microstructures. In the dry state, in situ microcracks and microjoints between particles were observed with different particle shapes and a disorderly arrangement; additionally, the interparticles were filled with cement ( Figure 9(a) ). In the natural state, the microstructures of the specimens changed; the cement expanded under the effects of water and surrounded the particles; cotton-shaped bodies consequently formed in the neighboring fine cavities between them (Figure 9(b) ). In the water-saturated state, the cement expanded further, the particles were larger with an orderly arrangement, relatively large cracks formed, and the rock structure was loose (Figure 9(c) ).
Siltstone is a cement-type sedimentary rock, and its mechanical properties are related to cement components and types. Clay minerals in siltstone are strongly hydrophilic; thus they experience anisotropic expansion after rapidly absorbing water, which subsequently affects the balance of the original internal rock stress. As the water content increases, the clay minerals further expand and generate local tensile stress. When the generated tensile stress is greater than the cohesion force between the siltstone particles, microcracks will form between the particles. As this occurs, a portion of the cement in the siltstone will dissolve when water is encountered, thus reducing the frictional force between particles and subsequently loosening the internal microstructure of the rock.
The aforementioned transformations are the primary reasons that the compressive strength, peak stress, and elasticity modulus of siltstone decrease when water is encountered and the rock undergoes a change from brittle to plastic failure under compression.
Conclusions
(1) The uniaxial compression failure of siltstone was categorized into the following four phases: in situ crack compacting phase, linear-elastic deformation phase, plastic yield deformation phase, and fracturing phase. Water content influenced the mechanical properties of siltstone, and the compressive strength and elasticity modulus of the siltstone decreased as the water content increased.
(2) The uniaxial compression failure modes of the siltstone specimens according to water content are typical of the X-type shear failure. The X-type failure of dry and natural specimens was more apparent. As the water content increased, the failure severity of the siltstone specimens tended to decrease, which indicated that water exerted a softening effect on siltstone; thus, the specimens experienced the change from brittle to plastic failure.
(3) The uniaxial compression failure process of the siltstone specimens with varied water content yielded AE signal generation; the variation curve of the AE count rate was consistent with the stress-strain whole-process curve of siltstone failure. Water content affected the AE of siltstone, with the total AE count and cumulative AE energy value decreasing as the water content increased. The AE count rates of the dry specimens were significantly higher than those of the water-containing specimens; the cumulative AE energy of the dry specimens was 1.12 times that of the natural specimens and 3.11 times that of the water-saturated specimens, which indicated that water affected the internal structure of the specimens and that energy was released during the fracturing process. For water-saturated specimens, the time to reach the peak stress value was increased as compared to that of the peak value of the AE count rate; this lagging phenomenon is suggested to be a definitive indicator and forecasting characteristic of rock mass fracturing and instability in engineered water-containing structures, such as a mine slope and dam body.
(4) Water content affected the internal microstructure of the siltstone. The presence of water dissolved the cement between the microparticles of the siltstone; this cement subsequently surrounded the particle surface, thus reducing the frictional force between particles. The dissolution and deformation of cement gradually expanded the in situ microcracks in the siltstone until relatively large cracks formed and the mechanical strength of siltstones decreased.
(5) The failure processes of the rocks utilized in this study were also influenced by multiple factors, such as the confining pressure and loading and unloading modes. Therefore, further in-depth research is required.
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